abstract PURPOSE The current diagnostic testing algorithm for Lynch syndrome (LS) is complex and often involves multiple follow-up germline and somatic tests. We aimed to describe the results of paired tumor/germline testing performed on a large cohort of patients with colorectal cancer (CRC) and endometrial cancer (EC) to better determine the utility of this novel testing methodology.
INTRODUCTION
Lynch syndrome (LS) is the most common inherited cancer predisposition syndrome, accounting for 2% to 3% of patients with colorectal cancer (CRC) 1,2 and 2% to 3% of patients with endometrial cancer (EC). 3, 4 LS is caused primarily by pathogenic germline variants in the mismatch repair (MMR) genes (MLH1, MSH2, MSH6, PMS2) and 39 deletions of EPCAM, which result in silencing of MSH2. Herein, these five are referred to as LS genes, and prevalence estimates range from 1 in 440 to 1 in 279 in the US population. 5, 6 Without intervention, individuals with LS face lifetime cancer risks of up to 82% for CRC and 60% for EC, along with increased risks for other cancer types. [7] [8] [9] [10] [11] [12] Universal screening for LS among newly diagnosed patients with CRC and EC has been widely adopted across the United States because it is supported by a number of national organizations [13] [14] [15] [16] [17] [18] and has been proven cost effective. 19, 20 Screening approaches involve performing immunohistochemical (IHC) staining for MMR proteins and/or microsatellite instability (MSI) analysis on tumor specimens to identify MMR deficiency, followed by MLH1 promoter hypermethylation (MPH) or BRAF V600E analysis for tumors lacking MLH1 protein expression to identify likely sporadic tumors.
Molecular germline testing confirms a diagnosis of LS in 24% to 67% of patients with MMR-deficient (MMRd) CRC 1 and in 16% to 80% of those with MMRd EC, 4 depending on the pattern of IHC protein expression and excluding patients with MPH. In the absence of a formal LS diagnosis, screening recommendations for the patient and other family members can remain unclear; recent National Comprehensive Cancer Network guidelines advise that these patients be observed based on family history. 13 In recent years, somatic inactivation has been identified in 52% to 69% of unexplained MMRd tumors, [21] [22] [23] and follow-up to abnormal MSI/IHC now includes consideration of tumor sequencing for patients with no germline pathogenic variant detected. 13 A recent study suggests that tumor sequencing with follow-up germline testing is superior to current screening algorithms in regard to sensitivity and ability to inform treatment decisisons. 24 We describe the use of a paired tumor/germline assay 25 to aid in the diagnostic evaluation of LS in more than 700 patients with CRC and EC with MMRd tumors and/or clinical histories suggestive of LS and discuss the benefits and limitations of this concurrent testing approach.
MATERIALS AND METHODS

Patients
Consecutive patients with CRC and EC undergoing one of five paired tumor/germline tests for LS between 2016 and 2018 at a single clinical diagnostic laboratory (Ambry Genetics, Aliso Viejo, CA) were retrospectively reviewed. Patient demographic information and clinical, family, and genetic testing histories were obtained from test requisition forms and other clinical documentation, such as pedigrees, clinic notes, and pathology reports, when available. Personal and family histories were reviewed to determine whether patients met revised Bethesda guidelines 26 or Amsterdam criteria II, 27 and mutation probabilities were calculated using the published PREMM5 (Prediction Model for Gene Mutations, version 5) prediction model 28 (Table 1 ). This study was determined to be exempt from review by Western Institutional Review Board.
Paired Tumor/Germline Testing
The paired tumor/germline assay analyzed DNA isolated from both blood and tumor samples in parallel. 25 Briefly, paired tumor/germline analysis was performed on the five LS genes using a customized next-generation sequencing panel. Somatic variants, copy number variants, and loss of heterozygosity were determined by comparing the data between tumor and blood samples. MSI analysis, MPH analysis, and germline testing of additional cancer susceptibility genes were performed if indicated by the specific test ordered (Table A1) . Detailed methods for all components of the paired tumor/germline assay are included in the Appendix.
Interpretation of Results
Overall results of paired tumor/germline testing were interpreted in the context of available IHC and/or MSI results (Tables 2 and A2) . Results were interpreted as germline if a pathogenic mutation or likely pathogenic variant (VLP) of germline origin was identified in an LS gene, regardless of somatic findings or prior tumor screening results. For patients with MMRd tumors with abnormal IHC, overall results were interpreted as LS-unlikely if no germline mutation or variant of uncertain significance (VUS) was identified and somatic findings could explain protein loss by IHC (MLH1-, PMS2-, MSH2-, MSH6-). Explanatory somatic findings included identifying (1) two mutations/VLPs of somatic origin or (2) copy-neutral loss of heterozygosity (CN-LOH) and a somatic mutation/VLP in the same LS gene that were concordant with abnormal IHC. Results were also interpreted as LS-unlikely if these findings were seen in an MSI-high (MSI-H) tumor with no IHC results ( Table 2) . Identifying somatic MPH in the context of MLH1 protein loss (MLH1-) and/or PMS2 protein loss (PMS2-) or MSI-H with no IHC results was also considered explanatory. Of note, for patients in whom MSI results from prior screening were discordant with the MSI results obtained through paired testing, the latter were used in the overall results interpretation. Results were interpreted as inconclusive if MMRd remained unexplained or if IHC was explained by somatic findings, but LS could not be as confidently ruled out because of the presence of a germline LS VUS (Table 2) .
Tumors demonstrating microsatellite stability (MSS), MSIlow (MSI-L), and/or intact MMR protein expression by IHC were considered MMR-proficient (MMRp). MSS/MSI-L tumors with IHC results not reported as loss/absent (eg, equivocal, weak) without complete loss of any other protein on the pathology report were considered MMRuninformative. Interpretation of results for patients with MMRp and MMR-uninformative tumors are listed in Table A2 . Fifteen patients in this series were found to be MMRuninformative, with results listed in Table A3 . These patients were excluded from the patients described as MMRd.
Statistical Methods
Descriptive characteristics were summarized with medians for continuous variables and proportions for categorical variables. Differences in medians and proportions for patients with CRC versus EC were assessed by Wilcoxon rank sum test and Fisher's exact test, respectively. Fisher's exact test was also used to assess test result association with prior LS testing and IHC staining pattern, respectively.
RESULTS
Demographic and Clinical Characteristics
In total, 702 paired tumor/germline tests were performed in patients with CRC (n = 375) and/or EC (n = 327) from more than 200 institutions. Overall, 94.9% (n = 666) of specimens had prior IHC and/or MSI analysis, and 23.5% (n = 165) had prior germline testing for LS, defined as germline analysis of any LS gene completed before the ordering of paired testing. Patients were placed into one of five groups on the basis of prior tumor screening results and germline testing history (Table 1; Fig 1) . Patients with MMRd tumors were stratified into two groups: group 1, which had no prior LS germline testing (n = 449), and group 2, which did have testing (n = 158). Groups 3, 4, and 5 included patients with MMRp tumors (n = 51), patients with uninformative tumor screening (n = 8), and patients without prior tumor screening (n = 36), respectively. Personal and family cancer histories of each group were analyzed (Table 1) . Patients Referred With MMRd Tumors (groups 1 and 2)
As illustrated in Figure 1 , the majority of paired testing was performed on patients with CRC or EC with abnormal IHC, with or without MSI testing (82.9%; n = 582) or only MSI-H (3.6%; n = 25). Paired testing was able to resolve 76.1% (n = 340 of 447) of patients without prior germline testing and 60.8% (n = 96 of 158) of patients with prior germline testing. Patients were considered resolved when either an LS germline mutation/VLP was identified or IHC was fully explained by somatic findings making LSunlikely (Table A4 ). When comparing groups 1 and 2, a higher proportion of patients without prior testing had overall results of either a germline mutation or MPH, whereas a higher proportion of patients with prior germline testing had double somatic mutations and inconclusive results (Fig 2) . Germline LS VUS Abbreviations: CN-LOH, copy-neutral loss of heterozygosity; IHC, immunohistochemistry; LS, Lynch syndrome; MMR, mismatch repair; MMRd, mismatch repair deficient; MPH, MLH1 promoter hypermethylation; MSI-H, high microsatellite instability; VLP, likely pathogenic variant; VUS, variant of uncertain significance.
*Refers to only somatic results concordant with IHC, if applicable. †Also includes single somatic mutation plus CN-LOH. ‡Although IHC is explained, LS cannot be ruled out because of germline LS VUS. §Atypical protein loss patterns. kAdditional IHC studies may help with interpretation.
Of patients with no prior germline testing for LS (group 1), 25% (n = 111 of 447) were diagnosed with LS by paired tumor/germline testing, although results varied based on protein staining pattern (Table A5) . Unexpectedly, 9.5% (n = 15 of 158) of group 2 patients were found to have germline mutations/VLPs by paired tumor/germline testing (Table A4 ). In two of these, the germline mutation had been previously identified, but protein loss on IHC remained unexplained by that variant. In the remaining 13 germline patients from group 2, the mutation/VLP was either not previously identified (n = 8) or was originally called a VUS and classified as a VLP on paired testing (n = 5; patients 14, 45, 441, 385, and 153; Table 3 ). Of the eight patients with previously negative germline testing, four had mutations/VLPs identified because of presumed technical limitations of prior testing (patients 94, 221, 286, and 163), three were missed because of clinicians ordering limited germline testing (patients 435, 601, and 685), and two had a germline mutation in an unexpected gene on the basis of prior tumor screening (patients 685 and 172; Table 3 ).
Tumor MMRd was also explained by somatic findings. In the group with no prior testing, LS-unlikely patients were resolved by either biallelic somatic inactivation (23.3%; n = 104 of MSI-H only (n = 22*)
No MSI testing performed (n = 338)
With previous germline testing (n = 158)
No MSI testing performed (n = 122) 447), MPH (27.5%; n = 123 of 447), or both (0.5%; n = 2 of 447; Table A4 ). In the group with prior testing, LS-unlikely patients were resolved by either biallelic somatic inactivation (43.7%; n = 69 of 158) or MPH (7.6%; 12 of 158). When excluding patients with explanatory MPH and germline mutations, the proportions of patients with double somatic or inconclusive results did not significantly vary between groups (P = .65).
For the remaining patients with MMRd tumors, paired tumor/ germline testing yielded inconclusive results (n = 169 of 605; 27.9% for groups 1 and 2 combined; Table A4 and A5). The most common inconclusive result was identification of only one mutation/VLP of somatic origin that was concordant with loss on IHC (n = 59 of 169; 34.9%; Table 2 ). Other inconclusive results included identification of an LS germline or somatic VUS (n = 43 of 169; 25.4%) or negative LS germline results in conjunction with negative somatic results (n = 58 of 169; 34.3%; Table 2 ).
Other Referrals
Results for the subset of patients with MMRp tumors (n = 51), uninformative tumor screening (n = 8), or no prior tumor screening (n = 36) are listed in Table A6 . A higher proportion of these patients met Bethesda guidelines and had a greater than 5% likelihood of carrying an MMR mutation predicted by PREMM5 relative to patients with MMRd tumors, suggesting that patients with MMRp tumors and those without prior screening had paired testing ordered by clinicians when there remained indicators of LS, such as clinical or family history (Table 1) .
DISCUSSION
In this study, we demonstrate a novel LS testing approach that pairs comprehensive germline testing with concurrent tumor analysis. This paired testing approach provided a molecular etiology for MMRd in 76.1% and 60.8% of patients without and with prior germline testing, respectively.
As expected, a higher percentage of germline mutations and promoter hypermethylation were identified in group 1 compared with group 2 (24.8% v 9.5% and 27.5% v 7.6%, respectively; Fig 2A) . When excluding patients with MPH, the rate of germline mutation in group 1 (34.3%) is similar to published literature. 1, 4 In contrast, germline LS mutations were unexpectedly identified in 9.5% (n = 15) of patients with prior germline testing (group 2). Three of these patients had germline mutations detected in genes not initially selected for germline mutation analysis but still within the scope of plausible explanations for the IHC finding (Table 3 ; patients 435, 601, and 685). For example, one patient with an MLH1-/PMS2-IHC result was found to carry a PMS2 mutation but only had previous MLH1 testing. In another three of these patients ( 
c.1831dupA †Patients are LS patients with MMRd tumors and previous germline testing (group 2). ‡IHC explained by double somatic mutations, but germline mutation identified in another MMR gene. §BRAF V600E present on prior testing. kMLH1 promoter hypermethylation negative. ¶Repeat IHC testing after paired testing demonstrated MSH6-on IHC.
patients 685, 172, and 153) and in four patients without prior germline testing (n = 4 of 447; 0.8%; Table 3 ; patients 326, 141, 558, and 498), germline mutations were detected in genes that were not considered as concordant with prior tumor screening. For example, one patient with an MLH1-/ PMS2-IHC result was identified as carrying an MSH6 mutation. These findings highlight the ability of comprehensive germline testing of all five LS genes to overcome limitations of prior tumor screening and germline testing, including possible erroneous IHC, and support concurrent, comprehensive germline testing of all LS genes, regardless of the pattern of protein loss on IHC.
Results from this study also support adding tumor analysis to the diagnostic workup for LS. When excluding patients with a germline mutation or MPH, double somatic mutations were identified in the same proportion (approximately 50%) in both groups (Fig 2B) , consistent with previous studies. [21] [22] [23] Identifying double somatic mutations decreases our suspicion of LS as we currently understand it [21] [22] [23] ; however, additional research and longitudinal studies examining clinical outcome in patients with double somatic mutations are warranted.
In this cohort, the rate of inconclusive results for patients with MMRd tumors was 27.9% overall. A subset of these had unexplained abnormal IHC and negative paired tumor/ germline test results, suggesting the possibility of falsepositive IHC results, which is supported by the fact that 25 of 58 (43.1%) of these patients were MSS on paired testing. Likewise, the inconclusive rate may be inflated compared with expected, because a larger percentage of patients in groups 1 and 2 likely could have been resolved if MPH studies had been ordered. For example, 26.9% (n = 21 of 78) of inconclusive patients were MLH1-and/or PMS2-with no MPH testing ordered by the clinician. In addition, 22.5% (n = 38 of 169) of inconclusive patients demonstrated unexplained MSH6-, suggesting the possibility of loss secondary to neoadjuvant chemoradiation [29] [30] [31] or MLH1/PMS2 deficiency. 32 A combination of germline and tumor testing inarguably leads to the highest resolution of patients with MMRd tumors; however, additional studies are needed to determine the optimal testing strategy with respect to cost effectiveness and to further explore the clinical utility of somatic and paired mutational analysis. When comparing test results from groups 1 and 2, we expect that if comprehensive germline testing was ordered and germline analysis had been previously performed in group 1, the proportion of resolved patients would be unchanged regardless of whether tumor sequencing was performed concurrently with or subsequent to comprehensive germline testing. Although clinic-based studies are needed to further inform an optimal testing strategy, we note several potential benefits of paired testing on the basis of our experience.
One major benefit is the ability to have a single unified interpretation of all genetic testing results in one laboratory.
Also, based on recent literature about somatic mutations in MMRd tumors, 33,34 paired testing has the ability to further inform variant classification. Five individuals from group 2 with previously identified germline VUSs were found to also have a mutation or CN-LOH of somatic origin in the same LS gene, providing an additional line of evidence to support reclassification to VLP (Table 3) . Although somatic data were used as supporting evidence, future studies are needed to understand how heavily somatic data should be weighed.
Additionally, paired testing demonstrates the ability to simultaneously diagnose LS while also explaining atypical IHC patterns in patients where germline mutations were not concordant with the specific protein expression. For example, tumors in our cohort were identified to carry double somatic mutations/VLPs, which explained IHC staining in addition to a germline mutation in a different LS gene (Table 3 ; patients 326 and 163). Interestingly, in one patient, the germline mutation identified was a single exon deletion in the PMS2 pseudogene region. Testing strategies employing only tumor sequencing to screen for germline alterations may have missed this because of limitations in detecting exon-level somatic copy number variants, especially in this region with significant pseudogene homology. Thus, the paired testing approach reduces the risk of unidentified large rearrangements of germline origin.
Last, paired testing is a more convenient approach compared with sequential testing. Concurrent germline and tumor testing has the potential to reduce the risk of losing patients to follow-up and reduces clinician burden of ordering different tests and sending multiple specimens to various laboratories. Thus, clinicians and patients may prefer paired testing, especially given the current uncertainty regarding insurance coverage for multiple LS-related tests.
Because this study was performed at a single clinical diagnostic laboratory, complete information/records may not have been provided by the ordering clinician. Similarly, patients underwent different variations of paired testing depending on the product ordered by their clinical provider (Table A1) , which affects interpretation of overall results. Study outcomes are also not generalizable to all CRC and EC patients, because the majority of this cohort comprised individuals with some indication for LS genetic testing. However, these results may be more widely applicable, given that only 25% of patients met revised Bethesda guidelines, and only 8% met Amsterdam criteria II.
In addition, interpretation of these data and placement of patients into overall result categories relied on external IHC results, without availability of internal pathology review. We also acknowledge that methods to differentiate between driver and passenger mutations would be helpful in refining the interpretation of results independent of external testing. 37 Importantly, although double somatic mutations or a somatic mutation with CN-LOH may explain protein loss by IHC, they may not always rule out LS (Tables 2 and 3 ), because we found that germline mutations can be identified with double somatic mutations in the same or different LS gene. Similarly, it is often not possible to definitively determine phase (cis or trans) of sequencing alterations. Although these data argue against a diagnosis of LS in which somatic findings explain IHC in the absence of a germline mutation or VUS, one cannot entirely rule out that technical limitations of current methodologies may lead to undetected germline or somatic variants. Likewise, low tumor cellularity may lead to false-negative somatic results, as there are some cases in which MPH signal is detected but is below reporting threshold and therefore interpreted as negative. For these reasons, it is advised that clinicians interpret results in the context of clinical history. Additional cancer screening recommendations on the basis of personal or family history may still be warranted, even in patients where double somatic mutations are identified, or MMRd is completely explained by comprehensive paired testing.
Future clinical correlation and outcome studies would aid in better understanding the relationship between molecular findings and clinical history.
In conclusion, paired tumor/germline testing offers a novel approach to the traditional step-wise testing algorithm for LS, in the setting of abnormal MSI/IHC testing. Paired testing resolved 76% of patients with MMRd tumors without prior LS germline testing and 61% of patients with MMRd tumors with prior LS germline testing. This supports the current recommendation of including tumor sequencing in the LS testing algorithm and confirms the importance of performing comprehensive germline LS testing regardless of IHC staining pattern. Given these two findings, paired testing provides an opportunity for clinicians and patients to obtain both germline and somatic results simultaneously to aid in making the most informed management recommendations for patients with suspected LS.
AFFILIATIONS APPENDIX
Materials and Methods
Sequencing and copy number variant analyses. The paired tumor/germline assay analyzed DNA isolated from both blood and tumor sample in parallel. 25 The customized next-generation sequencing panel consisted of 508 exons, 81 introns (partial), and 13 untranslated regions in 39 genes. The panel was composed of biotinylated xGen Lockdown probes synthesized by Integrated DNA Technologies (IDT, Coralville, IA). Next-generation sequencing was performed on the Illumina (San Diego, CA) HiSEquation 2500. Paired tumor/germline analysis was performed on five genes associated with Lynch syndrome. Germline analysis was performed on additional cancer predisposition genes depending on ordering request. In addition, somatic variants associated with resistance to anti-epidermal growth factor receptor therapy were also analyzed. Sequencing data generated from tumor and blood paired samples was processed with an inhouse-developed bioinformatics pipeline. 25 Sequencing reads were aligned to human genome (UCSC hg19) with Novoalign V3.02.07 (Novocraft Technologies Sdn Bhd, Selangor, Malaysia). Germline variants were called with GATK (v3.2.2; Broad Institute, Cambridge, MA) using data from blood samples. Common polymorphisms and false-positive variants generated as a result of sequencing artifact were filtered out by using population frequency data from multiple sources, including National Center for Biotechnology Information dbSNP; National Heart, Lung, and Blood Institute Exome Sequencing Project; 1000 Genomes; and internal data. Germline copy number variants were detected using either multiplex ligation-dependent probe amplification (MLPA) or targeted array comparative genomic hybridization. Somatic variants, copy number variants, and loss of heterozygosity were determined by comparing the data between tumor and blood samples. Microsatellite instability (MSI) and MLH1 promoter hypermethylation analyses were performed in accordance with the specific paired/tumor germline test ordered.
MSI analysis. MSI analysis was performed on Promega MSI
Analysis System (Promega, Madison, WI). The kit analyzes the mononucleotide repeat regions NR-21, BAT-26, BAT-25, NR-24, and MON-27. DNA from both tumor and matched normal blood was amplified by polymerase chain reaction to generate fluorescently labeled amplicons of the repeat regions. The amplicons were separated based on size using capillary gel electrophoresis on an ABI 3730xl DNA Analyzer (Applied Biosystems, Carlsbad, CA). Fragment analysis was performed using GeneMapper software (Thermo Fisher Scientific, Waltham, MA), which compares the allelic patterns of the matched normal and tumor samples to determine alterations in the length of each of the five repeat regions. Two or more repeat regions with altered amplicon length was considered MSI-high, one repeat region with altered amplicon length was considered MSI-low, and zero repeat region with altered amplicon was considered microsatellite stable.
MLH1 promoter hypermethylation analysis. The MLH1 promoter methylation status was determined by using the MLH1 Methylation Specific-Multiplex Ligation-Dependent Probe Amplification kit (ME011-B3; MRC Holland, the Netherlands), which contains probes covering the MLH1 promoter at five CpG islands. Briefly, genomic DNA from tumor sample was denatured and incubated with MLPA probes for 16 hours to facilitate probe hybridization. The sample was subsequently split into two parts; one was treated with methylation-sensitive enzyme, HhaI, and one without the enzymatic reaction. Both parts were subsequently amplified. Fragment analysis was performed on ABI 3730xL. methylation-specific-MLPA data were analyzed using Coffalyser software (MRC-Holland, Amsterdam, Netherlands), which compares the amplicon signal intensity between the digested and undigested portions of the same sample and reports a ratio. The MLH1 promoter methylation status was determined by the ratios of two individual probes covering the critical region for gene silencing (Deng G, et al: Cancer Res 59, 2029-2033, 1999). Either both probes with a ratio greater than 0.15, or one of the two probes with a ratio greater than 0.30 were interpreted as positive. *Clinical correlation is advised. IHC results may aid in additional interpretation. **One case was submitted as MMR-uninformative due to weak/equivocal staining and no prior MSI testing; however, it was identified to be MSI-High through paired testing and was interpreted as 'LS-unlikely' and is excluded from this table. 
